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1 Executive Summary 
The main objective of this report is to layout a broad overview of the latest understanding of 
climate and climate change and its connection with urban air quality. It critically reviews recent 
research studies that are not yet being used in practical applications and that are critical for later 
implementation of Passive Control Systems (PCSs) within the iSCAPE project. The Introduction 
is devoted to review the broad motivation for reducing air pollutant concentration in cities; it also 
deals with the potential benefits of using climate change information for city planning, a topic that 
is at the core of the iSCAPE project. The report is organized in two main parts, described as 
follows. 

1. Climate and climate change in European cities 
 
1.1. Description of climate change modelling approach. The study is performed starting from 

the regional to the urban scale. Issues to be kept in mind when monitoring the impacts 
of global climate change on urban and smaller scales are data quality and homogeneity; 
climate conditions in cities may not be captured by weather stations, as these are 
typically located in open vegetated land (rural or natural landscapes). Moreover, 
uncertainty is always involved in climates change projections. For simulations of future 
climate, climate model experiments are run under assumptions about the future 
evolution of atmospheric composition, land use change and other driving forces of the 
climate system. Global and regional climate models, typically having a grid size of tens 
of kilometres or larger, poorly resolve the urban land surface. The geographical pattern 
of the simulated climate response may be downscaled using various methods. Several 
physical-based surface models can simulate air-surface interactions at a horizontal 
scale of about 100 metres. However, many urban parameterizations still follow highly 
simplified approaches. The Town Energy Balance (TEB) model (Masson, 2000; 
Lemonsu et al., 2004), included in the surface interaction model SURFEX, is an 
example of a model capable of clearly separating buildings, air within urban canyons, 
roads, and, if present, trees, gardens etc. 
 

1.2. Setting of the role of physical variables in current climate and change. The focus is to 
set the basis for subsequent studies within iSCAPE. The role of the physical variables 
that can be extracted from future climate change scenarios at urban scale is discussed. 
These variables are those that are relevant for establishing the link between climate 
change and air quality i.e. temperature, wind speed, pressure and solar radiation, and 
these variables have to be used to evaluate the efficacy of PCSs in future scenarios. 
This is also one of the main aims of iSCAPE. The main results from this sections are: 

1.2.1. the observed annual-averaged pan-European temperature trend of 0.179°C per 
decade since 1960. 

1.2.2. the average impact of urbanization on that trend is 0.0026°C per decade since 
1960. The effect is strongest in spring and summer. 

1.2.3. Among the iSCAPE cities, the projected summertime warming is largest for 
Bologna and smallest in Dublin. In winter, and also in spring and autumn, the most 
pronounced increases in temperature are likely to take place in Vantaa.  

1.2.4. Precipitation is generally projected to increase in winter and decrease in summer. 
However, the sign of the change is uncertain in Bologna in winter and in Vantaa in 
summer. 

1.2.5. Incident solar radiation and diurnal temperature range are projected increase in 
most of Europe in spring, summer and autumn.  
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1.2.6. The observed reduction in the mean annual solar radiation in southern Finland 
over the period from 1958 to 1992 was mainly attributed to a pronounced increase 
in cloudiness, with only a minor contribution from the direct effects of the relatively 
large aerosol load at that time.  

1.2.7. Wintertime sea level air pressure is projected to decrease in Vantaa and increase 
elsewhere. In Dublin and Guildford, the projected trend is positive in all seasons 
and in Belgium and Germany in all seasons except for the summer simulations. 

 

2. Air quality and climate change interaction in European cities 
 
2.1. Focus on the mean state of pollutants in the target cities. This part magnifies the focus 

on the mean state of the main pollutants (NO2, PM10 and PM2.5) as well as O3 that is 
relevant for climate change for the iSCAPE target cities. Given that, the scope is to 
identify the preferential conditions for PCSs deployment in each target city and provide 
state of art knowledge for subsequent work packages (WPs). Specifically, we find that 
pollutant concentrations have different impacts due to meteorological, geographical and 
structural features of the single city, but also as a result of local air quality policies. In 
general traffic-induced emissions (NO2 and PM10) have an influence on total 
concentration at street level, but not at urban scale. Residential heating systems also 
contribute again at street level, but its signal is weaker. Two pollutants, NO2 and PM10 
have a dependence on emissions at the street scale, while PM2.5 is more homogeneous 
in the urban environment. Concerning the risks on human heath connected to exposure 
to high level of PM2.5 has led to a decrease and an adjustment of concentrations at 
WHO suggested level for human health which is stricter than the European limit. Only 
Bologna, among the target cities requires to improve its efforts to mitigate the PM2.5 
concentrations. Ozone concentrations is quite homogeneous at the city scale. In rural 
areas ozone concentrations sensibly grow, supported by favourable conditions. 
 

2.2. Assessments on pollutants linkages with climate change. Really few studies have been 
performed on the relationship between air quality and climate change, especially at 
small scales. It easier to find studies concerning air quality linked with the urbanization 
growth (with some problems of inhomogeneity between different nations due to different 
necessity and city types). At European scale, the climatological variables that mostly 
affect air quality are: surface temperature, precipitation and sea level pressure. 
Temperature scenarios, coupled with precipitation pattern projection, facilitate an 
increase in pollutants such as ozone due to increased biogenic emissions and 
photochemical rates and reduced wet removal. Changes in meteorological variables can 
modify global sea level pressure patterns, with consequences on local circulations and 
distribution of air masses. In the end, climate change induced by enhanced pollutant 
emissions will in turn increase pollutant concentration. So, a positive feedback is 
established, leading to an intensification of climate changes in those regions highly 
affected by pollution. It is important to underline that these connections between climate 
and pollutants concern the larger scales (global, or at least European). Specific studies 
at local scale have to be provide to achieve a better understanding on the future livability 
of our cities. 
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2 Introduction 
At the core of the iSCAPE project there is an awareness of the consequences of increasing 
global urbanization and the inherent challenges due to climate change on air quality.  

 

 

Figure 1: Urban population comparison between 1995 and 2015 (adapted from UN-Habitat, 2016). 

 

Since the beginning of the industrial revolution, the percentage of the world’s population settling 
in urban areas has been increasing, and this trend is expected to continue. In 1990, 43 % (2.3 
billion) of the world’s population lived in urban areas; by 2015, this has grown to 54 % (4.0 
billion). Following the growth rate, 60 % (4.9 billion) of the world’s population is expected to live 
in cities by 2030. This increase in urban population has not been evenly spread throughout the 
world. Asia has the highest number of people living in urban areas, followed by Europe, Africa 
and Latin America. Nevertheless, urban annual growth rates have been much faster in some 
regions than others (Figure 1). The highest growth rate between 1995 and 2015 was in the least 
developed regions with Africa being the most rapidly urbanizing; it shows a rate of 3.44 %, 
almost 11 times more rapid than that in Europe (0.31 %). As the urban population increases, the 
land area occupied by cities has increased at an even higher rate. The process of urbanization 
is particularly leading to an increase of large cities (5 to 10 million inhabitants) and megacities 
(more than 10 million inhabitants). Most megacities are in developing countries and this trend is 
set to continue as several large cities in Asia, Latin America and Africa are projected to become 
megacities by 2030 (UN-Habitat, 2016). 

Despite economic growth and improvement of basic facilities, cities suffer from negative 
consequences of urbanization, such as environmental and air quality degradation, as well as 
respiratory problems. People living in large urban areas are routinely exposed to concentrations 
of airborne pollutants that epidemiological statistics claim they might cause negative health 
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effects in both the short and long term (Ericson et al., 2008). As urbanization, global population, 
and economic development increase, not only short-range but also long-range transport of 
pollution becomes an increasingly important factor for cities since air flow transports pollutants 
from upwind areas contributing to local air quality together with locally-emitted pollutants (Parrish 
and Stockwell, 2015). Transportation, industry and power generation are the main sources 
contributing to outdoor air pollution (Hilbert and Palmer, 2014). Most of the cities worldwide are 
facing levels of air pollutants exceeding regulatory limits (see Appendix A), with repercussions 
on inhabitants’ health (Kumar et al., 2015). Traffic-induced emissions, such as respirable 
particulate matter, nitrogen dioxide, carbon monoxide and hydrocarbons, largely affect urban 
inhabitants, especially the population residing in close vicinity of roadways and streets as well as 
the pedestrians (Ahmad et al., 2005). 

Air is composed of a variety of gaseous pollutants and particulate matter, those can be classified 
into primary and secondary. Primary pollutants are those directly emitted into the atmosphere by 
human activities (vehicle engines, industrial production etc.) and by natural processes 
(windblown dust, volcanic activity, etc.). Secondary pollutants are formed within the atmosphere 
when primary pollutants react with sunlight, oxygen, water and other chemical compounds 
present in the air. As for public health, major pollutants are particulate matter (PM), tropospheric 
ozone (O3) and nitrogen dioxide (NO2). NO2 is produced by the combustion of fossil fuels and 
contribute to photochemical smog, as well as to acid rain. O3 is a major component of 
photochemical smog, an air pollution phenomenon that forms when primary pollutants like NO2 
and carbon monoxide (CO) react with sunlight to form a variety of secondary pollutants. PM is 
mainly attributed to the combustion of fossil fuels, especially coal and diesel fuel, and is 
composed of tiny particles of solids and liquids including ash, carbon soot, mineral salts and 
oxides, heavy metals such as lead, and other organic compounds. PM includes particles from a 
few nanometres (10-9 metres) to several tenths of a micron (10-6 metres) in size. In general, the 
smaller the size of the particles, the greater the expected effect on human health (Heal et al., 
2012). 

Figure 2 shows pollutants which are transported to the city or which are locally emitted and 
dispersed at different horizontal local scales: street (of order 10-100 m), neighbourhood (0.1-1.0 
km) and city (10-20 km) (Britter and Hanna, 2003). Their final spatial distribution is determined 
by several factors, such as the meteorology and the morphological characteristics of the city, as 
well as the population density and the type, nature and spatial location of sources. In general, 
the processes controlling the pollution phenomenon act at a range of spatial and temporal 
scales spanning the depth of the whole Urban Boundary Layer (UBL). Important parameters for 
dispersion around buildings are: building geometry and morphology (in terms of building 
arrangements and packing density), wind speed, wind direction, turbulence, atmospheric 
stability, temperature, humidity and solar radiation (Blocken et al., 2013), together with the 
presence of obstacles such as trees, low barriers and parked cars (Gallagher et al., 2015). 
Therefore, locally-induced wind fields consist of complex flow features such as recirculation 
zones and stagnation points which in turn strongly govern the dispersion of pollutants (Lateb, 
2016). 
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3 Climate change in EU cities 
Among city planners, inhabitants, and local politicians, there is still a lack of detailed 
understanding of how to use climate change projections in city planning. This might be partly 
due by the fact that climate change impacts occur at various urban surroundings and are 
strongly influenced by the individual urban properties (namely land-use and land-cover) 
(KLIMAKS TechReport, 2012). Additionally, urban development does not occur everywhere in a 
city simultaneously. Furthermore, the urban growth and development differ from region to region 
and from country to country (Mills et al. 2010). 

Assessments of ongoing climate change – its strength, speed and signal-to-noise ratio – in 
European cities are based on both observations and model simulations. According to 
Chrysanthou et al. (2014), the average impact of urbanization on the observed annual-averaged 
pan-European temperature trend of 0.1790 °C per decade is 0.0026 °C per decade since 1960. 
The effect is strongest in spring and summer. In a pan-European sense, urban areas tend to 
warm faster than the rural areas in spring and cool down more rapidly in autumn. 

In subsection 3.1, we first briefly address the challenge of gaining reliable time-series of past 
climate. We then move on to reviewing state-of-the-art assessments of future climate change at 
regional scale (Sec. 3.1.1) and urban scale (Sec. 3.1.2). Development of synthetic weather data 
for a future urban climate is considered in Sec. 3.1.3. 

While one dimension in the uncertainties of future climate and its impacts is associated with 
divergent trajectories of atmospheric composition, land use change and radiative forcing of the 
climate system, the other dimension is related to social and economic development.  

Subsection 3.2 provides five different storylines of global social and economic development and 
discusses the work towards local interpretations of these storylines.  

An overview of the observed past and projections for future climate change in the iSCAPE study 
regions is given in subsection 3.3, In addition to temperature and precipitation, solar radiation, 
wind speed and air pressure are considered. Differences in projected climate changes between 
the regions of the iSCAPE cities are highlighted.  

Finally, as a typical example of a green infrastructure (the one that is easier to address within 
climate change models) i.e. the roles of green roofs in mitigation of and adaptation to climate 
change are briefly discussed. Several design options for green infrastructure are contemplated 
within iSCAPE – and these options being assessed is one of the key outputs of iSCAPE. 
Therefore, the green roof example is reported here as a typical current study. 

 

3.1 Assessment of climate change from regional to 
urban scales 

Many studies are being conducted to homogenize and analyse long-term time series of weather 
observations from meteorological stations (e.g., Tuomenvirta, 2001; Maugeri et al. 2004; Brunetti 
et al 2004, 2006; Domonkos and Coll, 2016; Manara et al. 2016; Noone et al. 2016). 
Furthermore, a multitude of gridded data sets has been constructed using these observations 
together with geostatistical methods (e.g., Haylock et al. 2008; Tietäväinen et al. 2010; Antolini 
et al. 2016; Aalto et al. 2016). As an example, Beniston (2015) has used homogenous weather 
station data available from the European Climate Assessment and Data archive (ECA&D; Klein 
Tank et al. 2002) to study temperatures at 30 sites across Europe (including Dublin, Berlin and 
Rome, among others) since the early 1950s. He selected only homogeneous data to ensure 
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greater robustness in the extreme tails of the temperature PDFs, that are sensitive to the quality 
of observational data. He found a clear trend of warming of about 1°C over the last three 
decades (Figure 3), and a sharp increase in the ratio of record high and record low temperatures 
during the most recent year. 

 

 

Figure 3: Mean temperature anomalies of 30 European sites (dashed line) and of the Northern Hemisphere (solid 
line), given as 5-year running means and computed based on the 1961-1990 baseline. For the locations of the 
measurement sites, see the inner map. From Beniston (2015). 

 

In monitoring the impacts of global climate change on urban and smaller scales, data quality and 
homogeneity is not the only concern. A challenge is also presented by the fact that observed 
long-term weather data often do not represent climate conditions in cities. Weather stations are 
typically located in open vegetated land (rural or natural landscapes), whereas the actual climate 
conditions in cities are affected by urban morphology and design as well as by the materials in 
built structures. These are typically different in each region and country reflecting respective 
history, culture and typical climatic conditions. In addition to the complication of climate change 
detection based on these observations, this is also an issue from the viewpoint of validation and 
verification of physically-based numerical simulations of urban-scale climate. 

The atmosphere continually interacts with the Earth’s surface, including urban, rural and natural 
landscapes. These interactions take place via sensible and latent heat fluxes, and fluxes of 
momentum, but also, fluxes of carbon dioxide (CO2), water vapour and other chemical species, 
continental aerosols, sea salt and snow particles, among others. Since these fluxes depend on 
the underlying surface, atmospheric numerical models need to treat different surface types, such 
as ocean, inland water bodies, vegetated land, and the built environment.  

In the following subsections, we will give a concise introduction to climate modelling and 
development of climate projections at various scales. State-of-art methods to address the 
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heterogeneity of the surface in calculations of the surface fluxes will be discussed. Moreover, to 
give background information for subsection 3.3, essential recent and on-going climate modelling 
projects as well as up-to-date scenarios for CO2, other greenhouse gases (GHGs) and aerosols 
are also briefly considered. 

 

3.1.1  Climate simulations at regional scale  
The basis for constructing climate change projections for Europe and its cities is given by the 
international development, since the 1970s, of global climate models (GCMs), also referred to as 
general circulation models, or more recently Earth System Models. The climate projections 
currently used in various applications are typically based on processing of output from GCMs 
that participated in the two latest phases of the Coupled Model Intercomparison Project, CMIP3 
(Meehl et al. 2007) and CMIP5 (Taylor et al. 2012). The next phase, CMIP6, is in a preparation 
stage (Eyring et al. 2016). 

For simulations of future climate, climate model experiments need assumptions about the future 
evolution of atmospheric composition, land use change and other driving forces of the climate 
system. The CMIP3 global climate models were run under the SRES (Special Report on 
Emissions Scenarios) and the CMIP5 models under the RCPs (Representative Concentration 
Pathways) scenarios for greenhouse gases (GHGs) and aerosols. The latter include RCP2.6, 
RCP4.5, RCP6.0 and RCP8.5, while the most widely used SRES scenarios turned out to be A2, 
A1B and B1. Future emissions and atmospheric abundances of CO2 under the previously-used 
SRES and the current RCP scenarios are shown in Figure 4. For the near future decades, the 
different concentration scenarios for CO2 almost coincide but start diverging after about the 
2050s. The CO2 concentrations under RCP8.5 distinctly surpass those under A2, A1B and 
RCP6.0, whereas RCP4.5 and B1 describe very similar trajectories. 

 

 

Figure 4: Temporal evolution of the global emissions (left: PgC/yr.) and atmospheric abundance (right: parts per 
million in volume) of carbon dioxide in 2000–2100 according to four RCP scenarios (solid curves) and three SRES 
scenarios (dotted curves); see the legend. Observed concentrations for years 1980–2015 are depicted as well. The 
curves for the RCP and SRES scenarios are based on IPCC (2013) and IPCC (2001), respectively. Past total 
emissions from fossil fuel combustion, cement production and land-use change are available from Global Carbon 
Budget (Le Quéré et al., 2016) and the observed abundance data are available for download from NOAA/ESRL. For 
abundances of other well-mixed GHGs and aerosols, see Annex II of IPCC (2013). 
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approximately 50 % of the world's population lives in the urban environment, as well as a large 
fraction of economic activity residing in cities, climate and climate change in these built-up areas 
is an urgent subject of study. Climate projections of relatively coarse resolution can be 
dynamically down-scaled for individual cities or metropolitan areas, by using a nested climate 
model of higher resolution, provided that this latter is capable of a realistic simulation of air-
surface interactions of built-up areas. 

Several physical-based surface models can simulate these air-surface interactions at a 
horizontal scale of about 100 metres (i.e. at neighbourhood or city scales; see Figure 2). 
Examples of these models include CLASS (Verseghy et al., 1991), CLM (Lawrence et al., 2011), 
JULES (Best et al., 2011; Clark et al., 2011), LIS (Kumar et al., 2006), Noah (Ek et al., 2003), 
ORCHIDEE (Krinner et al., 2005), TESSEL (Balsamo et al., 2009), SUEWS (Järvi et al., 2011) 
and SURFEX (Masson et al. 2013). Such models may be used in standalone mode or coupled 
to an atmospheric model. 

In climate models and numerical weather prediction models, the heterogeneity of the surface is 
frequently addressed by using a tiling approach, where several surface types may be present in 
a given grid box. In a tiling scheme, all the surface types present in a given grid cell experience 
the same atmospheric forcing, but react individually, according to their respective physical 
properties. Finally, fluxes representing all the different tiles are aggregated, so that the 
atmosphere reacts to one representative value for the entire grid-cell. 

Atmospheric flow at horizontal scales of approximately 100 metres or less (i.e. at street and 
vehicle wake scales; see Figure 2) can be simulated using computational fluid dynamics (CFD) 
including large-eddy simulation (LES) models have a grid spacing of metres. These models can 
resolve the atmospheric flow within the urban canopy (that is the atmospheric layer between the 
surface and the top of the buildings) (e.g. Letzel, 2007). CFD models remain to be too 
computationally demanding to permit studies approaching even a regional scale or covering 
periods of more than a few days. Therefore, climate simulation models and numerical weather 
prediction models by necessity must parameterize the built environment in the framework of their 
respective surface interaction models. 

Many urban parameterizations still follow highly simplified approaches (Masson, 2006). The 
most common way is to use a vegetation–atmosphere transfer model whose parameters have 
been modified. Cities are then modelled as bare soil or a concrete plate. The roughness length 
is often large (one to a few metres; Wieringa, 1993; Petersen, 1997).  

More advanced schemes have addressed the complexity of the urban surface following a 
canyon approach, where the urban surface is treated as an array of different facets, and the 
energy budget equation is solved individually for each facet.  For example, the models of 
Masson (2000), Martilli (2002) and Kondo et al. (2005) consider three separate facets of roofs, 
walls, and road surfaces, while e.g. Best et al. (2006), Dupont and Mestayer (2006) and Porson 
et al. (2009) chose to merge the walls and road surfaces into one single effective canyon, thus 
retaining only two energy budgets. 

These urban canyon type models simulate more accurate fluxes to the atmosphere than the 
modified-vegetation models. A review and inter-comparison of all these models is available in 
Grimmond et al. (2010, 2011). However, when the focus shifts to impacts on the population in 
cities (in buildings or on the road) or economics (e.g. energy consumption in buildings), it 
becomes necessary to clearly separate buildings, air within urban canyons, roads, and, if 
present, trees, gardens etc. The Town Energy Balance (TEB) model (Masson, 2000; Lemonsu 
et al., 2004), included in the surface interaction model SURFEX, is an example of a model 
capable of making this distinction. 
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A multitude of physical processes are taken into account in the Town Energy Balance model 
TEB: 1) short-wave and long-wave trapping effect of canyon geometry; 2) anthropogenic 
sensible heat flux from heated or cooled buildings or from traffic and industry; 3) water and snow 
interception by roofs and roads; 4) heat conduction and heat storage in buildings and roads; and 
5) interactions between canyon air and the built surfaces and the canyon micro-climate 
(temperature, humidity, wind, turbulence). 

Waste heat emissions of buildings tend to increase surrounding air temperatures. The energy 
effects of buildings and building systems on the urban climate on neighbourhood or city scales 
may be simulated by surface interaction models (e.g. Sailor, 2011; de Munck et al., 2012; Bueno 
et al., 2012). This contrasts with dynamic building energy simulation algorithms that simulate 
heat transfer and air flows inside complex buildings dynamically (e.g., Crawley et al. 2008) but 
are run in an offline mode, i.e. using prescribed meteorological data as input (e.g., Jylhä et al., 
2015a, 2015b). 

The need to prepare cities for climate change adaptation requests the urban modeller 
community to implement sustainable adaptation strategies within their models to be tested 
against specific city morphologies and scenarios. Greening city roofs is part of the overall 
strategy. The GREENROOF module (De Munck et al., 2013) for the TEB model has been 
developed to simulate the interactions between buildings and vegetated roof systems at a city 
scale. This module describes an extensive green roof that is composed of four functional layers: 
vegetation (grasses or sedums); substrate; retention/drainage layers; and artificial roof layers. 
The following interactions are calculated: i) vegetation-atmosphere fluxes of heat, water and 
momentum; ii) hydrological fluxes throughout the substrate and the drainage layers; and iii) 
thermal fluxes throughout the natural and artificial layers of the green roof. 

 

3.1.3  Development of synthetic weather data for a future 
urban climate  

Synthetic temporally-high resolution meteorological data in an anticipated future climate are 
needed in simulations of climate change impacts on various sectors, such as air quality, 
agriculture, hydrology and building energy. According to Belcher et al. (2005) there are two 
general categories of methods for designing such future weather data sets. One category is 
based on analogies: use is made of recorded historical weather data from another location with 
a climate similar to the projected climate of the study location, however this ignores factors such 
as the solar angle and hours of daylight (Eames et al. 2011). The other category consists of 
various downscaling methods of climate model output, discussed in Section 3.1.1. One of these 
methods, i.e. morphing, or time series adjustment, has been applied in several studies to 
produce future design weather data sets (e.g. Belcher et al. 2005, Wang et al. 2010, Chan 
2011). Morphing produces a new weather time series (pi) that combines observed time series 
(oi) with climate change projections. The method aims to minimize the influence of climate model 
biases and to preserve the realistic weather sequence of present-day data. Shifts in the mean, 
changes in standard deviation (a stretch or shrinkage) and even changes in skewness may be 
considered (Räisänen and Räty, 2013; Jylhä et al. 2015a, b). 

The observed time series (oi) used as a baseline for the synthetic future weather time series (pi) 
may present a meteorological station or a grid point in a gridded present-day weather data set. 
Gridded data sets are typically constructed from station observations using kriging interpolation, 
but they can also be reanalyses products. An option is to construct a spatially-high resolution 
gridded set of the baseline time series (oi) in an urban area by using reanalysis data as 
boundary conditions for a regional climate model or weather prediction model including a 
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surface interaction modelling system, such as HARMONIE/SURFEX (Section 3.1.2). However, 
this alternative is computationally expensive and time consuming, meaning that multi-year-runs 
are in practice out of the question in the scope of the iSCAPE project. 

 

Month Original year 
Temperature Relative humidity Solar radiation Wind speed 

(°C) (%) (MJ/m²) (m/s) 

January 1990 -4.0 89 22.3 4.3 

February 1998 -4.5 83 80.6 4.6 

March 1994 -2.6 82 231.5 4.1 

April 2009 4.5 67 431.6 4.3 

May 2006 10.8 63 595.8 4.1 

June 2005 14.2 72 607.0 4.0 

July 2008 17.3 69 651.2 3.9 

August 2003 16.1 76 456.1 4.2 

Septemper 1997 10.5 79 295.2 3.9 

October 1981 6.2 91 94.3 4.1 

November 1989 0.5 89 29.2 4.0 

December 1998 -2.2 87 15.8 4.4 

Annual 
 

5.6 79 3511.0 4.2 

Table 1: Test reference year (TRY) for Vantaa. TRY consists of weather data for twelve months that originate from 
different calendar years (column 2), each month having weather conditions close to the long-term climatological 
average. The months for TRY were selected using Finkelstein-Schafer parameters for four climatic variables (air 
temperature, humidity, solar radiation and wind speed). Columns 3-6 give the TRY monthly means of these variables 
(Jylhä et al., 2011). 

 

An issue is how long time series of observations (oi) should be used as a baseline when 
constructing the synthetic future weather time series (pi). While a 30-year period of real weather 
data is often preferred by climatologists, a practical choice is to use typical meteorological years 
(TMYs) or test reference years (TRYs). TRY is a synthetic year consisting of the most typical 
months from different years (e.g. Belcher et al. 2005, Jentsch et al., 2008, Ouedraogo et al. 
2012; Kalamees et al. 2012). Following the EN ISO 15927-4 standard, typical months can be 
identified from daily weather data of a long (30-year) period using a statistical method which 
measures the similarity of two frequency distributions. Those months from these years that have 
the smallest differences from the long-term climatological distributions, as quantified by the so-
called Finkelstein-Schafer parameters, are selected. 

As an example, Table 1 shows the selected months in the Vantaa test reference year data set. 
The months were selected based on daily mean values of temperature, global solar radiation, 
humidity and wind speed. Monthly mean values of the test reference months and the 
corresponding climatological values are also given. Note that the weather observations were not 
made in the centre of Vantaa (Tikkurila) but at the Helsinki-Vantaa airport. 

A similar method based on TRYs will be also adopted for the simulation of air quality in future 
scenarios and assess efficacy PCSs at target cities. This part of the research will be elaborated 
in WP6. 
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3.2 Shared Socioeconomic Pathways 
The state-of-the-art global scenarios framework for climate change analysis and assessment not 
only addresses regional dimensions of climate change and uncertainties involved, but also 
socio-economic variables in terms of possible scenarios that take into account change in society 
and implementation of specific policies. After the Fourth Assessment Report by the IPCC, a new 
set of scenarios for the use of climate change research and policy design was put under 
development (IPCC, 2010). The development process for the new scenarios is essentially 
parallel - the different pathways for emissions (Representative Concentration Pathways RCPs, 
see Figure 4) and for socio-economic development (SSPs) were developed in parallel (Moss et 
al., 2010). Shared Socioeconomic Pathways (SSPs) describe the state and trajectories of 
societal and economic conditions globally and in different parts of the world. They are reference 
pathways and do not describe climate policies; the climatic impacts of these pathways depend 
on indirect consequences of the development. Five separate SSPs have been constructed 
(O’Neill et al., 2014). Original idea for the form of SSPs was based on three components: 1) a 
common conceptual framework 2) simple socio-economic narratives and 3) a lean set of 
quantified variables (Van Vuuren et al., 2012a). The five scenarios can be presented in a simple 
xy-plane, where on the y-axis the mitigation challenges are increasing, and on the x-axis, the 
adaptation challenges are increasing. This is depicted in Figure 5. 

 

Figure 5: The shared socio-economic pathways. (O’Neill et al., 2014). 

 

The storylines and the variables are available at the SSP database (IIASA, 2012a) and the 
provided supplementary material (IIASA, 2012b) is maintained by IIASA. Currently available 
scenario data is limited to the short narrative storylines and sets of key socioeconomic variables 
(GDP, population and some demographic parameters described further below). The storylines 
for the pathways are the following (IIASA, 2012b): 

• SSP1 – Sustainability: This pathway presents a world making relatively good progress 
towards sustainability. Lot of effort is made to achieve global development goals as well as 
reducing energy and resource intensity and dependency on fossil fuels and the Millennium 
Development Goals are achieved within the next decade or two. Inequality both between 
countries and within economies is decreased as low-income areas develop rapidly. 
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Technologic development is also rapid. Economies are globalized and open but strict 
environmental protection policies are implemented.  

• SSP2 – Middle of the Road / Current Trends Continue: In this world, current 
socioeconomic trajectories are assumed to continue. Some progress towards global 
development is achieved. Some low-income countries manage to make relatively good 
progress but many are also stuck with low level of development. The power of global 
institutions remains very limited and global economy is only partially open. Still most of the 
economies are politically stable, and the gap between high and low income countries 
slowly closes. 

• SSP3 – Fragmentation / Fragmented World: This pathway represents the greatest 
challenges to both adaptation and mitigation. The world is fragmented into a few pockets 
of moderate wealth, areas of extreme wealth and many countries struggling to maintain 
standards of living for their strongly growing populations. World trade and international co-
operation are severely restricted. Policies are oriented towards security instead of 
sustainable development, and the world is failing to achieve global development goals. 

• SSP4 – Inequality / Unequal World / Divided World: In this pathway wealth is distributed 
very unequally both across and within countries. Small global elite produces most of the 
GHG emissions while the poorer population remains vulnerable to the climate change 
impacts. Global institutions work well for the rich elite but provide little support for the 
development of the poor masses. Mitigation challenges are however low, due to limited 
overall economic activity and the capabilities of the wealthy players to invest in low-carbon 
development. 

• SSP5 – Conventional Development / Conventional Development First: In this pathway, the 
world has chosen conventional fossil-fuel dominated development as the solution to social 
and economic problems. This enables rapid economic growth across the world and helps 
in adapting to the impacts of climate change, but is hard to fit in with any ambitious 
mitigation targets. 

Currently the available data at SSP database is limited to the following: 

• Population by age, gender and education 
• Urbanization 
• Economic development (gross domestic product GDP, purchasing power parity PPP) 

These variables are available at annual level at five-year intervals between 2010 and 2100. 
Depending on the variable, the global pathways can be separated into 5 or 32 regions; also, 
country level figures are available. The database contains data series developed by IIASA, 
National Center for Atmospheric Research (NCAR), OECD and Potsdam Institute for Climate 
Impact Research (PIK) as well as some historic data by World Bank. The projections between 
different groups hold a lot of variance. Figure 6 shows the variance between the projections of 
economic growth in the results of the different modelling groups. Thus, now, there is no unique 
set of quantitative values chosen for each SSP. However, IIASA has nominated certain data 
series as “illustrative”, which are consistent with each other and can be used comparably. 
(IIASA, 2012b). 
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Figure 6: SSP GDP projections of different modelling groups. Global GDP in USD (2005) are presented in the vertical 
axis, the horizontal axis shows the year. (Data from (IIASA, 2012a)). 

 

As previously stated, the economic and demographic forecasts per SSP scenario and per nation 
are available from IIASA for the whole world. In the EU FP7 project ToPDAd, these forecasts 
were related to EUROSTAT’s regional economic accounts (at the NUTS-3 administrative level) 
and EUROSTAT/GEOSTAT’s high resolution population database, which were used as 
baselines. Baselines and forecasts were then downscaled (GDP) or upscaled (population) to a 
25x25 km grid for the European continent. These SSP forecasts were finally associated to 
plausible RCP scenarios of precipitation and temperature (downscaled from 0.5 degrees’ grid to 
a 25x25 km grid), resulting in a regional dataset of paired SSP-RCP economic-population-
climate forecasts. 

 

3.3 Changing climate in the iSCAPE study regions 
Following from the general overview given in previous sections, this section focuses on the latest 
understanding about climate change projections for the iSCAPE study regions. Starting from 
projected future changes, the emphasis is on various climatic variables that are relevant for air 
quality, together with considerations of past trends. The variables include daily mean 
temperature, difference between daily maximum and minimum temperature, precipitation sum, 
incident solar radiation, sea-level air pressure, and wind speed. We recall that daily maximum 
and minimum temperature is an important information also for low-cost sensors (see D1.5) 
usage in future years given that their durability is also depending on working temperature range. 

The projections are based on a large ensemble of state-of-the art climate model simulations, 
CMIP5 GCMs (Sec. 3.1.1). The outcomes for the iSCAPE target regions are discussed in 
comparison with findings of previous research. 

The number of CMIP5 GCMs used to construct the multi-model projections, as well as to study 
consistency in the direction of the change in the individual model projections, was 28 for daily 
mean temperature, precipitation, solar radiation and air pressure (Figure 7-11), 25 for the diurnal 
temperature range (Figure 10), and 24 for wind speed. Details about the GCMs and methods 
used to post-process the model data are given by Ruosteenoja et al. (2016), who also provided 
the data used to generate the maps. 

To be discussed below are climate change projections for the year 2050 under the high-
emission RCP8.5 scenario (Figure 4). The changes in the climate variables were calculated 
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between the baseline period 1981–2010 and the future period 1935-2064, having its midpoint in 
2050, and translated to linear trends. The baseline period is analogous to the 20-year reference 
period 1986–2005 employed by IPCC (2013). Regardless of the time spans explored, however, 
the geographical distributions of the projected changes are qualitatively similar, but the 
magnitude of the responses is smaller for earlier periods (Ruosteenoja et al., 2016). 

The changes are illustrated as maps across Europe, showing both multi-model mean projections 
and areas where more than 75 % of the models agree on the sign of the trend. The inter-model 
agreement can be regarded as good in those areas; elsewhere the climate response is 
uncertain. 

The considerations of detected past trends are based on a literature review that mainly focuses 
on the most southern, western and northern study regions of iSCAPE: Italy, Ireland and Finland. 
These regions are at the edge of each climatic region with UK and Germany somehow in the 
middle. 

 

3.3.1  Temperature  
Expectedly, all models agree about a warming trend across all seasons over the whole Europe 
(Figure 7). Compared to the other iSCAPE study regions, the projected summertime warming is 
largest in northern Italy and smallest in Ireland. In winter, and also in spring and autumn, the 
most pronounced increases in temperature are likely to take place in Finland. These projections 
for the future warming are generally consistent with observed past trends, as discussed below. 

In the iSCAPE target region in Italy, the annual mean temperature had a general trend of 0.31 
°C per decade over the period 1961-2010, the largest warming in urban areas exceeding 0.50 
°C per decade (Antolini et al. 2016). Long-term (1865-2003) seasonal trends in the Po valley 
ranged from 0.08±0.02 °C per decade in autumn to 0.11±0.02 °C per decade in summer 
(Brunetti et al. 2006).  

On the island of Ireland, based on the average of five long-running observational temperature 
series, summer mean temperature has increased by 0.93 °C during the period 1900–2014, i.e. 
about 0.08 °C per decade (Matthews et al. 2016). Moreover, the likelihood of a summer as warm 
as the warmest recorded summer (1995) has increased by a factor of more than 50 over the 
observational period. 
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Figure 7: Projected seasonal mean warming (in °C per decade) by 2050 over Europe under the RCP8.5 greenhouse 
gas scenario. Shading depicts averages of the responses simulated by 28 global climate models (CMIP5 GCMs). The 
baseline period is 1981–2010 Areas where more than 75 % of the models agree on the sign of change are hatched 
(for temperature, this condition is fulfilled over the entire domain). The upper left panel depicts December–February, 
the upper right panel March-April, the lower left June-August, and the lower right panel September–November. The 
iSCAPE cities are shown by crosses. Based on model data described by Ruosteenoja et al. (2016). 

 

In the iSCAPE target city of Vantaa, Finland, the annual mean temperature had a trend of 
0.35±0.07 °C per decade over the period 1980-2009 (Jylhä et al., 2015a). The national 
temperature average in Finland increased by 0.69±0.56 °C per decade in winter and by 
0.29±0.24 °C per decade in spring from 1959 to 2008, without statistically significant warming in 
summer and autumn (Tietäväinen et al., 2010) despite the record warm summer 2010 
(Tietäväinen et al., 2012). The temperature change, between the last and the first 10 years of 
the period 1847-2013 was largest in December, 4.8 (3.8-5.9) °C (Mikkonen et al., 2014), 
corresponding to a linear trend of 0.31 (0.24-0.38) °C per decade. 
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3.3.2  Precipitation  
Based on the model projections shown in Figure 8 and numerous previous studies, the general 
trend is towards wetter in northern Europe and drier in southern Europe. The contour of zero 
change, as well as the zone where the models notably disagree about the sign of the 
precipitation change, are located northernmost in summer. 

 

 

Figure 8: Projected seasonal mean precipitation change (in % per decade) by 2050 under the RCP8.5 scenario. For 
further information, see caption for Figure 7. 

 

In the iSCAPE study regions, precipitation is generally projected to increase in winter and 
decrease in summer, except that the sign of the change is uncertain in northern Italy in winter 
and in southern Finland in summer. In spring and autumn, the agreement in the modelled 
changes is generally rather low for most of the iSCAPE target regions. 

In the Italian iSCAPE region, past recordings of annual and seasonal total precipitation do not 
reveal any statistically significant century-scale trends (Brunetti et al., 2004, 2006), but during a 
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period 1961-2008 a general reduction has been observed in winter, spring and summer, and an 
increase in autumn (Tomei et al., 2010). Besides, the number of wet days has decreased over 
the period 1880-2002 on an annual basis, as well as in spring and autumn, accompanied with 
increases in precipitation intensity in summer, autumn and also winter (Brunetti et al., 2004). 

In the Island of Ireland, studies by Noone et al. (2016) and Matthews et al. (2016) suggest some 
increases in winter and decreases in summer precipitation, in accordance with future projections 
in Figure 8, but the trends were not statistically significant. However, the likelihood of the wettest 
winter (1994/95) and driest summer (1995) has respectively doubled since 1850 (Matthews et 
al., 2016). 

In Finland, no statistically significant trend has been detected for the country-wide spatial 
average of the annual precipitation total during the period 1961-2010 (Aalto et al. 2016). 
However, areas suggesting tendencies towards wetter climate are far more widespread than 
those suggesting vice versa.   

 

3.3.3  Solar radiation  
Incident solar radiation is projected increase in most of Europe in spring, summer and 
particularly in autumn (Figure 9). In winter increases are likely in Italy, but reductions are to be 
expected in Finland and perhaps Ireland, while the model projections are controversial in the 
UK, Belgium and Germany. 

In northern Italy during the period 1959-2013, all-sky surface radiation has increased in summer 
and decreased in autumn (Manara et al., 2016). During the period 1981-2013, all-sky surface 
radiation increased in all the seasons, particularly so in summer and spring. It was suggested 
that under all-sky conditions, the variations caused by the increase/decrease in the aerosol 
content have been was partially masked by cloud cover variations. 

In southern Finland during the period 1980-2009, the annual total radiation increased by 1.4 % 
per decade, most of all owing to an intensification of direct radiation in spring and autumn. In 
contrast, diffuse radiation weakened by 4 % per decade (Jylhä et al., 2014). Previously, during 
the period from 1958 to 1992, the mean annual solar radiation had decreased by 1.7 % per 
decade (Heikinheimo et al., 1996). This earlier reduction was mainly attributed to a pronounced 
increase in cloudiness, with only a minor contribution from the direct effects of the relatively large 
aerosol load at that time. 
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Figure 9: Projected changes in seasonal mean incident solar radiation (in % per decade) by 2050 under the RCP8.5 
scenario. For further information, see caption for Figure 7. 

 

3.3.4  Diurnal temperature range  
Like incident solar radiation, also diurnal temperature range is affected by cloudiness. Therefore, 
geographical distributions of their past and projected changes have many similarities (Figure 9 
and Figure 10). 

The diurnal temperature range is projected to increase in most of central and southern Europe 
particularly in summer and also in autumn and spring (Figure 10), suggesting larger increases in 
daily maximum than in daily minimum temperatures. In contrast, reductions in the diurnal 
temperature range are projected to occur in the north especially in winter and autumn. This can 
be explained by projected larger increases in daily minimum, rather than in daily maximum 
temperatures. 



D1.4 Report on climate change and air quality interactions 

 

- 32 - 

In the Po Valley in Italy, the annual mean daily maximum temperature increase of 0.11±0.01 °C 
per decade over the period 1865-2003 exceeds the corresponding trend for daily minimum 
temperatures of 0.09±0.01 °C per decade (Brunetti et al., 2006). The observed changes in both 
variables are largest in winter or spring and smallest in autumn. The diurnal temperature range 
has increased in all the seasons. According to Simola et al. (2010), the changes in daily maxima 
and minima have materialized as simple, rigid shifts of the density functions alone, without 
invoking any change in shape. 

 

 

Figure 10: Projected changes in the diurnal temperature range (in °C per decade) by 2050 under the RCP8.5 
scenario. For further information, see text and caption for Figure 7. 

 

In Fennoscandia (covering, Norway, Denmark, Sweden and Finland), the daily minimum 
temperature during spring has increased by 0.40 °C per decade and the diurnal temperature 
range decreased by 0.18 °C per decade over 1950-1995 (Tuomenvirta et al., 2000). The diurnal 
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